Measles virus (MV) infection is undergoing resurgence and remains one of the leading causes of death among young children worldwide despite the availability of an effective measles vaccine. MV infects its target cells by coordinated action of the MV H and the fusion (F) envelope glycoprotein; upon receptor engagement by H, the prefusion F undergoes a structural transition, extending and inserting into the target cell membrane and then refolding into a postfusion structure that fuses the viral and cell membranes. By interfering with this structural transition of F, peptides derived from the heptad-repeat (HR) regions of F can potently inhibit MV infection at the entry stage. We show here that specific features of H's interaction with its receptors modulate the susceptibility of MV F to peptide fusion inhibitors. A higher concentration of inhibitory peptides is required to inhibit F-mediated fusion when H is engaged to its nectin-4 receptor than when H is engaged to its CD150 receptor. Peptide inhibition of F may be subverted by continued engagement of receptor by H, a finding that highlights the ongoing role of H-receptor interaction after F has been activated and that helps guide the design of more potent inhibitory peptides. Intranasal administration of these peptides results in peptide accumulation in the airway epithelium with minimal systemic levels of peptide and efficiently prevents MV infection in vivo in animal models. The results suggest an antiviral strategy for prophylaxis in vulnerable and/or immunocompromised hosts.
I
nfection by measles virus (MV) remains one of the leading causes of death among young children worldwide (1) despite the availability of an effective measles vaccine. MV was considered to be eliminated in the United States in 2000 (defined as interruption of continuous transmission lasting Ն12 months) (2) but to be a problem in developing countries (3) . In 2001, several global partners-the American Red Cross, United Nations Foundation, U.S. Centers for Disease Control and Prevention, UNICEF, and World Health Organization-launched the Measles Initiative with the aim of interrupting MV transmission in large geographic areas and reducing measles deaths by 90% before 2010 by increasing vaccination coverage (1, 4) . However, while about 71% reduction in mortality resulting from measles was achieved between 2000 and 2011 globally, in 2012 there were 122,000 measles deaths, and we have experienced a resurgence of measles disease in developed countries. MV is periodically imported into the United States, leading to local outbreaks (5) . During 2011, 222 measles cases and 17 measles outbreaks were reported in the United States (1, (6) (7) (8) , and the situation has deteriorated since then, causing a significant economic burden on health institutions (9) . The 2014 MV outbreak was the biggest to occur in the United States since 1996 (10) .
The outbreaks in developed countries are often attributed to lack of vaccination; however, a significant number of cases occur in previously vaccinated people (11, 12) . The current MV vaccine is effective; however, the immune response to it varies significantly. Up to 10% of people do not develop adequate protective antibodies after the recommended two doses of vaccine, in contrast to the long-standing immunity elicited by the natural infection. Vaccine-elicited immunity may also wane over time (13) (14) (15) ; of the 98 cases of MV in a 2011 outbreak in Canada, over one-half had received two doses of MV vaccine (5, 12) . In the absence of natural infection, the population of highly immunized countries may be susceptible to larger outbreaks (5, 16) .
MV infection starts in the respiratory tract, where alveolar macrophages and dendritic cells are the primary CD150-expressing targets (17) (18) (19) (20) . The binding of the MV receptor-binding protein hemagglutinin (H) to CD150, accompanied by membrane fusion mediated by the MV fusion (F) protein, leads to infection of these cells. The first MV-infected cells then transmit the virus to bronchus-associated lymphoid tissues and/or draining lymph nodes, where the virus proliferates in B and T lymphocytes (which also express CD150), and viremia ensues (17, 21) . The adherent junction protein PVRL4 (or nectin 4) (22-28) MV receptor on the basolateral surface of the respiratory epithelial cells has been implicated in viral transmission at later stages of pathogenesis but is likely not involved at the early stages (21, 27) . Coordinated action of the MV H and F envelope glycoproteins is essential for viral entry. The trimeric F structure is kinetically trapped in a metastable conformation, primed for fusion activation upon engagement of H by a cell surface receptor, either CD150 (SLAM) or nectin 4 (22-28). After receptor engagement by H, the prefusion F undergoes a structural transition, extending and inserting its hydrophobic "fusion peptide" into the target cell membrane. From this point on, the entry process is thought to be driven by the refolding of F into a "trimer of hairpin" postfusion structure that brings together and fuses the viral and cell membranes (29) (30) (31) (32) (33) (34) (35) (36) . Peptides derived from the heptad repeat (HR) regions of F can potently inhibit MV infection at this early stage (37) (38) (39) by interfering with this structural transition of F.
Peptide therapeutics are generally not transported from the blood to the brain, failing to cross the brain capillary endothelial wall that makes up the blood-brain barrier (BBB) in vivo (40) , and this lack of brain distribution has precluded potential benefits, for example, in the treatment of HIV-1 dementia and viral encephalitis (41) . For HIV-1, the peptide fusion inhibitor enfuvirtide is used as a salvage therapy for multidrug-resistant HIV-1-infected patients; however, its clinical use is limited by a short half-life, poor biodistribution properties, and the parenteral route of delivery (39) . We have recently shown that MV F-derived cholesterol-conjugated C-terminal heptad repeat (HRC) peptides have an extended in vivo half-life and can cross the BBB after subcutaneous (s.q.) injection (42) . The modified MV peptide inhibitors presented in this paper protect against severe MV infection and its complications in SLAM transgenic mice, an established model for MV encephalitis. Simultaneous s.q. and intranasal (i.n.) administration of peptides was highly effective at blocking MV infection (42) . While peptidic compounds would not be ideal candidates for development as anti-MV therapeutic agents if they need to be given parenterally, we propose that simple intranasal delivery of peptides blocks MV infection at its earliest stages. Using two different animal models of infection, we demonstrate that i.n. delivered peptides prevent MV infection in vivo. Peptides cross the pseudostratified epithelium of the lungs to reach the basolateral aspect of the cells and thus reach the site of nectin 4, which is the receptor involved in MV shedding. We speculate that interaction with MV at the nectin-4 site may be responsible for decreasing transmission of MV.
Since these modified MV fusion inhibitors are stable at room temperature, intranasal administration of the agents will make the proposed strategy feasible even outside health care settings: in the field or at home. As a complement to vaccination in global efforts to eradicate measles, this intranasal strategy would be used to protect individuals and communities in case of MV outbreaks.
MATERIALS AND METHODS

Plasmids and reagents.
The genes of MV G954 wild-type (wt) H and wt F were codon optimized, synthesized, and subcloned into the mammalian expression vector pCAGGS. The constructs for SLAM and nectin 4 were commercially acquired. Anti-MV hemagglutinin cl.55 neutralizing antibody, which blocks interaction between H and CD150, has been previously described (43) (44) (45) .
Peptide synthesis. All peptides were produced by standard 9-fluorenylmethoxy carbonyl (Fmoc) solid-phase methods. The cholesterol moieties were attached to the peptides via chemoselective reaction between the thiol group of an extra cysteine residue, added C terminally to the sequence, and a bromoacetyl derivative of cholesterol or a bis-maleimide functionalized cholesterol core, as previously described (58) (59) (60) . Peptides were stored as powder, and before use they were dissolved in dimethyl sulfoxide (DMSO) to 5 mM stock solutions that were kept at Ϫ80°C for the in vitro experiment. For the in vivo experiments in cotton rats (CR), peptides were dissolved in DMSO to 96 mg/ml and then diluted in water for injection (Hospira, Inc., Lake Forest, IL, USA) to 12 mg/ml and stored at Ϫ80°C. For the experiment in mice, peptides were dissolved in DMSO to 50 mg/ml and stored at Ϫ80°C. Peptides were diluted in water for injection.
Protease sensitivity of MV-and HPIV3-derived peptides. For the trypsin digestion, 1 g of each peptide was treated with 0.1 g or 0.5 g of trypsin in 10 l of 1ϫ phosphate-buffered saline (PBS). Peptide solutions were then incubated at 0°C, 22°C, or 37°C for 30 min. Following incubation, 10 l of Laemmli's SDS reducing buffer was added to each solution. Samples were boiled for 10 min at 99°C and then run on a 4 to 20% Tris-glycine (TG) gel at 120 V. The gel was allowed to fix overnight in 0.0125% glutaraldehyde in PBS. Gels were stained using a Pierce silver stain kit (catalog number 24600).
Transient expression of H and F genes. Transfections were performed in 293T cells according to the Lipofectamine 2000 manufacturer's protocols (Invitrogen).
Cells and viruses. 293T (human kidney epithelial), BHK (baby hamster kidney), and Vero-SLAM (African green monkey kidney) cells were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco, Invitrogen) supplemented with 10% fetal bovine serum (FBS) and antibiotics in 5% CO 2 . The Vero-SLAM culture medium was supplemented with Geneticin. Wild-type MV strain G954 (genotype B3.2) was isolated in Gambia in 1993 (27) (BB-0033-00053). Recombinant MV IC323, expressing enhanced green fluorescent protein (EGFP) (MV-IC323-EGFP) (28), was kindly provided by Y. Yanagi (Kyushu university, Fukuoka, Japan). The WTFb strain for cotton rat infection was described in reference 46. All virus strains were propagated and titrated in Vero-SLAM cells.
Viral entry assay. Vero-SLAM cell monolayers were incubated with 40 to 50 PFU of wild-type MV G954 in the presence of various concentrations of peptides. After 90 min, 2ϫ minimal essential medium containing 10% FBS was mixed with 1% Avicell and added to the dishes. The plates were then incubated at 37°C for 72 h. After removing the medium overlay, the cells were immunostained for plaque detection. The number of plaques in the control (no peptide) and experimental wells were counted under a dissecting stereoscope.
HAE cultures. The EpiAirway AIR-100 system (MatTek Corporation) used in these experiments consists of normal, human-derived tracheobronchial epithelial cells that have been cultured to form a pseudostratified, highly differentiated mucociliary epithelium. Upon receipt from the manufacturer, human airway epithelium (HAE) cultures were handled as previously described (47-49); we have used HAE to test several entry inhibitors (48) (49) (50) (51) (52) . To assess the potential for delivery of the HRC4 peptides via the airway to the basolateral compartment, 20 l of 250 M peptide inhibitor was applied to the apical surface. At the indicated time point, aliquots of the basolateral supernatant fluid were collected to quantify the amount of peptide delivered to the basolateral reservoir. The 20 l of 250 M in the 1 ml of reservoir would have had an upper-limit final concentration of 5 M.
␤-Gal complementation-based fusion assay. The beta-galactosidase (␤-Gal) complementation-based fusion assay was performed as described previously (53, 54) . Briefly, 293T cells transiently transfected with SLAM and the omega reporter subunit were incubated with cells coexpressing viral glycoproteins (MV H and MV F) and the alpha reporter subunit.
ELISA. For biodistribution studies, each organ was weighed and mixed in PBS (1:1, wt/vol) using an Ultra-Turrax homogenizer. Samples were then treated with acetonitrile-1% trifluoroacetic acid (TFA), 1:4 (vol/vol), for 1 h on a rotor at 4°C and then centrifuged for 10 min at 8,000 rpm. Supernatant fluids were collected, and peptide concentration was determined using an enzyme-linked immunosorbent assay (ELISA). Maxisorp 96-well plates (Nunc) were coated overnight with purified rabbit anti-MV F HRC antibodies (5 g/ml) in carbonate/bicarbonate buffer, pH 7.4. Plates were washed twice using PBS followed by incubation with 3% bovine serum albumin (BSA) in PBS (blocking buffer) for 30 min. The blocking buffer was replaced with 2 dilutions of each sample in 3% PBS-BSA in duplicate, and the mixture was incubated for 90 min at room temperature (RT). After multiple washes in PBS, the peptide was detected using a horseradish peroxidase (HRP)-conjugated rabbit custom-made anti-MV F HRC antibody (1:1,500) in blocking buffer for 2 h at RT. HRP activity was recorded as absorbance at 492 nm on the Sigmafast OPD substrate system (Sigma-Aldrich) after adding the stop solution. Standard curves were established for each peptide (using the same ELISA conditions as for the test samples), and the detection limit was determined to be 0.15 nM.
Determination of MV-specific antibodies in murine serum by ELISA. Sera were taken from infected mice at the end of the protocol by intracardiac puncture in EDTA Vacutainer tubes and tested for anti-MV antibodies by ELISA as previously described (45) . Briefly, MV nucleoprotein obtained from baculovirus-infected insect cells and purified was coated onto 96-well ELISA plates overnight (1 g/well). Plates were blocked using 1ϫ PBS-0.05% Tween-5% milk, and sera were tested in several dilutions by use of goat anti-mouse horseradish peroxidase-conjugated antibody (Ab) (A3673; Sigma) and revealed with o-phenylenediamine substrate, measuring absorbance at 490 to 650 nm after stopping in 12% H 2 SO 4 . The titer of N-specific antibodies in each serum sample was determined using a standard curve established with sera from mice immunized with MV in complete Freund adjuvant and expressed in relative units. The limit of detection of the test was close to 1:100,000 in the positive control.
Immunofluorescence/immunohistochemistry. Seven-day-old suckling SLAM TG mice (on a C57/BL6 background) received MV HRC4 (6 mg/kg of body weight) i.n. in 20 l of diluent. The animals were sacrificed 8 h posttreatment, and lungs were collected and frozen with cold isopentane on dry ice. The cryosections were dried for 30 min and fixed in a 4% formalin solution. After multiple washes in PBS, saturation was performed using in PBS-4% FBS (30 min at RT) before incubation with specific rabbit anti-MV HRC antibody (overnight at 4°C) in PBS-4% FBS. After multiple washes, tissue sections were incubated with the secondary goat anti-rabbit Ab conjugated with Alexa Fluor 555 in PBS-4% FBS (2 h at RT). The nuclei were counterstained with 4=,6-diamidino-2-phenylindole (DAPI). After multiple washes in PBS, mounting was performed using Fluoroprep (bioMérieux). Lung sections were analyzed using an Axioplan 2 imaging microscope (Zeiss).
Infection of mice. SLAM transgenic (tg) mice (45, 55) , on a C57/BL6 background, were bred at the institute's animal facility (Plateau de Biologie Expérimentale de la Souris [PBES], ENS-Lyon) as heterozygotes for SLAM transgenes. One-week-old mice were infected i.n. with 10 l of MV G954 in both nares (500 PFU of MV/mouse). SLAM tg mice were given 6 mg/kg of MV HRC4 peptide i.n. 24 h before infection and on the day of infection. For parenteral delivery, mice were injected daily s.q. with 6 mg/kg of MV HRC4 peptide, from 24 h before infection up to 7 days postinfection.
SLAM tg mice crossed in an alpha/beta interferon (IFN-␣/␤) receptor (IFNAR)-deficient background; SLAM ϫ IFNAR mice (55, 56) were bred at the institute's animal facility (PBES, ENS-Lyon) as heterozygotes for SLAM transgenes. Mice were infected i.n. with 10 l of MV G954 in both nares (20,000 PFU of MV/mouse, ϳ50 50% lethal doses [LD 50 ]) and were given 6 mg/kg of MV HRC4 peptide i.n. 24 h and 6 h before infection. Control mice received parallel administrations of the diluent. All animals were observed daily for 28 days, and those showing clinical signs (neurological symptoms, ataxia, lethargy) were euthanized. The protocol was approved by the Regional Ethical Committee (CECCAPP protocol N°E NS-2011-003 and ENS-2012-041). Infection of cotton rats and virus titer determination and treatment. Inbred cotton rats (Sigmodon hispidus) were purchased from Harlan Laboratories, Inc., Indianapolis, IN. Both male and female cotton rats at the age of 5 to 7 weeks were used.
For i.n. infection, 10 5 50% tissue culture infective dose (TCID 50 ) of MV WTFb was inoculated in phosphate-buffered saline to isofluraneanesthetized cotton rats in a volume of 100 l. To evaluate the effect of HRC peptides, animals were inoculated i.n. with peptide (5 mg/kg in 100 l of water) 24 h and 12 h before infection. Four days after infection, the animals were asphyxiated using CO 2 and their lungs were collected and weighed. Lung tissue was minced with scissors and Dounce homogenized with a glass homogenizer. Serial 10-fold dilutions of supernatant fluids were assessed for the presence of infectious virus in 48-well plates, using cytopathic effect (CPE) in Vero-SLAM cells as the endpoint. Plates were scored for CPE microscopically after 7 days. The amount of virus in inocula was expressed as fold dilutions that resulted in the infection of 50% of inoculated tissue culture monolayers (TCID 50 ). The TCID 50 was calculated as described previously (57) . The animal experiments were approved by the Institutional Animal Care and Use Committee of Ohio State University.
Biodistribution analysis. SLAM TG mice, on the background of C57/ BL6, received MV HRC4 (6 mg/kg) i.n. in 20 l of diluent. After 8 h, blood was collected by intracardiac puncture in EDTA Vacutainer tubes, and sera were conserved at Ϫ20°C until their use in ELISA.
For biodistribution experiments in cotton rats, the animals received the indicated peptides (6 mg/kg) i.n. in 100 l of diluent. After 8 h, blood was collected by intracardiac puncture in EDTA Vacutainer tubes, and sera were conserved at Ϫ20°C until their use in ELISA. Organs from each animal were collected and conserved at Ϫ80°C. The protocol was approved by the Regional Ethical Committee (CECCAP protocol N°ENS-2012-042).
Statistical analysis. Data are expressed as means and standard deviations (SD). Statistical analyses were performed using a Mann-Whitney U test and a Mantel-Cox test and GraphPad Prism 5 software.
RESULTS
HPIV3 F-derived HRC peptides inhibit wt MV entry.
We have shown that HRC peptides derived from human parainfluenza virus type 3 (HPIV3) F inhibit Nipah virus (NiV) infection and NiV-mediated fusion between infected cells (51) and that conjugating these peptides to a cholesterol moiety increases their potency. In a previous report, HPIV3-derived peptides were also shown to have a 50% inhibitory concentration (IC 50 ) of ϳ2 M against MV in vitro (42). Here we tested whether HPIV3 HRCderived peptides with and without lipid moieties inhibit MV viral entry (Table 1 and HPIV3 F-derived HRC peptides inhibit wt MV H/F-mediated fusion. In vitro, we previously assessed whether MV-derived peptides block MV fusion over time at 2, 4, and 6 h. Only the dimeric peptide with cholesterol (MV HRC 4) was inhibitory at the 6 h time point, suggesting that it may have greater antiviral potential (42) . HPIV3-derived peptides were tested here for their ability to inhibit fusion using a beta-galactosidase (␤-Gal) complementation assay (54) . This assay measures the fusion of cells that express viral envelope glycoproteins (MV G954 H/F) with cells that express the MV receptor SLAM (Fig. 2) . The HPIV3 peptides inhibited fusion at early time points (1 h) ( Fig. 2A, B , and C); less inhibition was seen later (4 h) (Fig. 2D , E, and F) for all peptide concentrations used (0.1 M, 1 M, and 10 M). Almost no inhibition was observed at 6 h (Fig. 2G, H, and I) , with the exception of the dimeric [VG PEG4 ] 2 -chol, which inhibits fusion by 50% at the concentration of 10 M (Fig. 2I) .
Protease sensitivity of cholesterol-tagged peptides. A decrease in fusion inhibitory potency over time was observed for the MV peptides as well (42) . We considered the possibility that the observed loss of fusion inhibition was due to degradation of the peptides over time during the experiment. To assess the relative protease sensitivity of HPIV3-and MV-derived peptides, we subjected the peptides to trypsin digestion, followed by SDS-PAGE analysis of the reaction products. For the data shown in Fig.  3 , VG PEG4 -chol, [VG-PEG4 ] 2 -chol, VIKI PEG4 -chol, MV HRC2, and MV HRC4 peptides were either incubated in the absence of protease or treated with protease at 0°C, 22°C, or 37°C. Incubation with either 0.1 g/10 l (Fig. 3A) or 0.5 g/10 l (Fig. 3B) trypsin at 0°C resulted in significant degradation for all the peptides, with the exception of HPIV3 F-derived VIKI PEG4 -chol, which appears to be resistant to degradation under these conditions. At 22°C and 37°C, all the peptides were degraded completely except for the VIKI PEG4 -chol peptide, which was still present at 22°C though significantly degraded. No significant differences were observed between the monomeric and dimeric forms. The loss of fusion inhibition over time observed in Fig. 2 was thus not due to differences in protease degradation since all the peptides are degraded similarly, with the exception of VIKI PEG4 -chol, and VIKI PEG4 -chol-despite being the least susceptible to protease degradation-did not block fusion (Fig. 2) . MV HRC4 (42) ( Table 2) maintains fusion inhibition over time, despite the fact that it is degraded by protease as much as the other peptides (Fig. 3) .
Anti-H neutralizing antibody complements peptide fusion inhibitors. For HPIV3, the neuraminidase activity of the hemagglutinin-neuraminidase (HN) promotes detachment of the HN from its receptor. Mutations that confer neuraminidase deficiency result in an HN that remains constitutively receptor engaged. Since receptor engagement promotes F's fusion activity, constant receptor engagement may permit an HN/F pair to resist inhibition by fusion-inhibitory peptides (60). Interaction of measles virus H with its receptor is dynamic, with on and off events between individual molecules (61) , while the affinity of the overall complex is maintained (27, 62) . We hypothesized that reducing the number of MV H attachment proteins interacting with CD150 receptor molecules would increase the fusion inhibition efficacy of peptides. To test this notion, we used the monoclonal neutralizing antibody HA55, which blocks H binding to SLAM (43) (44) (45) , to compete with the SLAM receptor. In the experiment whose results are shown in Fig. 4 , MV cells coexpressing MV G954 H and F were overlaid with Vero-SLAM cells with VG PEG4 -chol peptide present at 1 M (black bars) or without peptide (white bars). At the indicated time points (0, 30, 60, and 90 min), monoclonal antibody HA55 (1:10) was added. After 4 h, inhibition of fusion was as- sessed with the ␤-Gal complementation assay. Adding the monoclonal antibody at time zero resulted in complete inhibition, as expected since it blocks interaction of H with its receptor. When the antibody was added alone at later time points, fusion proceeded as in the control samples, and no inhibition was observed (Fig. 4, white bar) . When the monoclonal antibody was added to the sample that had been treated with peptide at time zero, fusion was completely inhibited. Adding the antibody to peptide-treated cells 30 min after overlaying the Vero-SLAM cells resulted in Ͼ80% inhibition of fusion. At later time points, the inhibitory activity of the peptides when combined with antibody wanes (Fig. 4, black bars) . These results suggest that decreasing H-receptor interaction can potentiate the antiviral effects of fusion-inhibitory peptides.
Peptides inhibit fusion of wt MV with nectin 4-bearing cells. The data shown in Fig. 4 implicate the engagement of H to its receptor as a factor that influences peptide efficacy. Since MV H binds to nectin 4 with higher affinity than to SLAM (28, 62-64), we determined whether peptides are less effective in nectin 4-bearing cells than in SLAM-bearing cells.
MV HRC1, MV HRC2, and MV HRC4 were used to block fusion between G954 H-and F-expressing cells overlaid with cells that were transfected with either nectin 4 (Fig. 5A) or SLAM (Fig.  5B) . Cholesterol-conjugated peptides (MV HRC2 and MV HRC4) were superior to the unconjugated peptide (MV HRC1); however, peptide efficacy was lower with the nectin 4-transfected cells (Fig. 5A ) than with the SLAM-transfected cells (Fig. 5B) . For the unconjugated peptide MV HRC1, the IC 50 s were ϳ9.4 M (with nectin 4 cells) and ϳ1 M (with SLAM cells); for the MV HRC2 cholesterol-conjugated peptides, the IC 50 s were ϳ4.5 M with nectin 4-bearing cells and ϳ0.06 M with SLAM-bearing cells (Fig. 5) . The dimeric peptide with cholesterol MV HRC4 outperformed the other peptides over a wide range of concentrations and was the only one for which 100% inhibition was observed with nectin 4 cells. Nevertheless, MV HRC4 showed a significant increase in IC 50 : ϳ0.06 M for nectin 4-bearing cells but Ͼ0.001 M with SLAM cells.
Peptide transits throughout the human airway epithelium. Since the expression of nectin 4 at the basolateral aspect of pulmonary epithelial cells plays a major role in MV shedding (65) , an intranasally delivered peptide that reaches the basolateral side of the epithelium might decrease viral shedding. We first explored this idea using a pseudostratified human airway epithelium (HAE) ex vivo model of human lung airway (47, 48, (65) (66) (67) (68) (69) . MV HRC2, MV HRC4, and VIKI PEG4 -chol peptides were added at the apical side of the HAE to determine whether they could be found at the basolateral aspect after a time lapse (Fig. 6A) . The amount of peptide (20 l at 250 M) was sufficient to reach concentrations of 5 M if added directly to the basolateral reservoir (which contains 1 ml of medium). The presence of peptide basolaterally was detected by ELISA at 8 h, 24 h, 48 h, and 72 h after treatment, with peak concentrations for MV HRC2 (ϳ0.03 M) attained at 48 h and for MV HRC4 (ϳ0.02 M) at 24 h, indicating that both peptides reached the basolateral reservoir. VIKI PEG4 -chol levels were the lowest of the three peptides tested (ϳ0.01 M). The results indicate that only 0.4% of the apically delivered peptide reached the basolateral reservoir; however, based on the data in Fig. 5 this basolateral aspect concentration may be sufficient to block fusion promoted by H bound to nectin 4-bearing cells. 1 h at 0°C, 22°C , or 37°C. The products of the reaction were subjected to reducing SDS-PAGE gels and silver stained as described in Materials and Methods. rats (CR) mimics natural infection (70) (71) (72) (73) (74) (75) (76) (77) (78) (79) (80) (81) (82) (83) . MV replicates in CR lung tissue with peak titers occurring on day 4 or 5, and infection is overcome by day 8. We have previously shown that MV HRC4 peptide delivered i.n. remains in the lungs (42) . Here we assessed the biodistribution of HPIV3-derived VIKI PEG4 -chol (chosen because it was the most resistant to protease degradation, as shown in Fig. 3 ) and of MV HRC2 and MV HRC4 peptides in the CR. Peptides were delivered i.n. (6 mg/kg, 3 animals per peptide), and the animals were euthanized 8 h after administration. Serum, lungs, and brain were collected for each animal, and peptide concentrations were measured by ELISA (42) ( Table 3) . MV HRC2 and MV HRC4 concentrated in the lungs after intranasal delivery (MV HRC2, 0.57 M; MV HRC4, 0.44 M) and reached lower concentrations in the serum (0.04 M and 0.03 M). Thus, MV HRC2 and HRC4 cross the airway epithelium of the CR in vivo (as well as human airway epithelium ex vivo). These peptides also reach the brain, with the monomeric HRC2 attaining a higher concentration in the brain (0.01 M) than the dimeric MV HRC4 (0.002 M). The HPIV3-derived VIKI PEG4 -chol, in contrast, remains concentrated in the lungs (1.3 M) ( Table 3 ). The finding that most of the administered peptide remains localized in the respiratory tract may suggest that this peptide could provide i.n. prophylaxis against viruses transmitted via the respiratory route.
Intranasally delivered cholesterol-conjugated dimer peptides inhibit MV infection in cotton rats. MV infection in cotton
We assessed the prophylactic efficacy of the MV-and HPIV3-derived peptides after intranasal delivery in the CR model of MV infection. We tested the three peptides whose biodistribution was assessed as described above (VIKI PEG4 -chol, MV HRC2, and MV HRC4), and we added MV HRC1, MV HRC3, VG, [VG-PEG11 ] 2 , VG PEG4 -chol, and [VG-PEG4 ] 2 -chol peptides as additional controls (51, 58) . The animals were given the fusion-inhibitory peptides i.n. twice (5 mg/kg each) at 24 and 12 h before infection (Fig.  7) . Four days after infection, the viral titer in the lungs of untreated animals was 10 4 TCID 50 /g lung tissue (Ϯ1 ϫ 10 3 ); the HPIV3 peptide-treated animals had viral titers with no significant differences from those of the untreated animals (Fig. 7) . Interestingly, the animals treated with VIKI PEG4 -chol (which in the biodistribution experiment reached 3 times the lung concentration of MV HRC2 and HRC4) showed only a small reduction in viral titer. After prophylaxis with the MV HRC 1-derived peptides, the titer was reduced to 9 ϫ 10 3 TCID 50 /g lung tissue (Ϯ2 ϫ 10 3 ); and after prophylaxis with the other MV-derived peptides (MV HRC2, MV HRC3, and MV HRC4), no MV virus at all was detected in the lungs. Statistical analysis revealed a strong significance of the MV peptides' inhibitory effect using a Mann-Whitney U test (P Ͻ 0.001) compared to either the untreated group or the group treated with HPIV3-derived peptides. The intranasally delivered MV peptides (with the exception of the monomeric untagged MV HRC1) efficiently blocked MV infection in the CR.
Intranasally delivered cholesterol-conjugated dimer peptides inhibit MV infection in mice. We previously showed that simultaneous s.q. and i.n. administration of cholesterol-tagged MV HRC4 protected mice from a lethal acute MV neurological syndrome (42) . In the present study, we assessed whether i.n. delivery of MV HRC4 peptides alone is sufficient to protect from fatal measles encephalitis. In order to better understand the importance of each route of administration (s.q. versus i.n.), we assessed the ability of the two methods of delivery to prevent fatal measles encephalitis in SLAM transgenic mice. Previously, we found that i.n. delivery of peptides in mice did not result in demonstrable serum levels after 4 h in mice (42) ; however, here we detected peptide in the circulation and in the brain after 8 h, suggesting that entry of the fusion inhibitors into the circulation via the airway epithelium requires time (Table 3) . Additionally, we show that after i.n. delivery, a therapeutic concentration of peptides is maintained in the respiratory tract for several hours in mice (Fig. 8A to C and Table 3 ) (see also reference 42). Thus, limited i.n. administration might be sufficient for attaining a concentration higher than the IC 90 of the peptide, justifying an in vivo experiment comparing i.n. protection with s.q. administration.
We next compared the efficiency levels of the peptides at pro- tecting suckling mice from a lethal MV challenge. Daily s.q. administration from the day before to the 7th day after infection protected 60% of the animals (Fig. 8D) , whereas two i.n. administrations of MV HRC4 (6 mg/kg) at 24 h before and 2 h after infection significantly improved survival of the mice, protecting 80% of them (P ϭ 0.03 in the Mantel-Cox test) (Fig. 8E ). This result suggests that i.n. administration protects SLAM transgenic suckling mice from fatal central nervous system (CNS) infection. We detected no anti-MV antibodies in surviving treated animals, in contrast to the untreated survivor, confirming that MV HRC4 blocks initial infection at an early step (Fig. 8F ). Since infection is halted at an early stage, we hypothesized that the peptide antiviral strategy may be effective in immunodeficient hosts (55) . SLAM transgenic mice crossed into an IFN type I receptor-deficient background (SLAM ϫ IFNAR mice) (56, 84) received 2 i.n. administrations of MV HRC4 (6 mg/kg) at 24 h and 6 h before infection. Figure 8G shows the survival curve of a total of 20 mice (10 treated and 10 untreated) infected with 50 LD 50 . All untreated animals died by day 20 postinfection. Of the treated animals, 90% were still alive after 28 days, confirming a significant survival advantage in this group (P Ͻ 0.0001 in the Mantel-Cox test) (Fig. 8G ). This result suggests that i.n. administration protects immunocompromised hosts from fatal CNS infection.
DISCUSSION
Measles virus (MV) induces a respiratory infection and can cause a profound suppression of the immune system that may permit opportunistic infection and contribute to morbidity and mortality (97, 98) . CNS complications of MV infection may occur soon after infection in the case of acute encephalomyelitis, or years after infection, as a result of viral persistence in subacute sclerosing panencephalitis (SSPE) and progressive infectious encephalitis or measles inclusion body encephalitis (MIBE). There are no specific therapies for acute complications of MV or for persistent MV infections (85) (86) (87) (88) . Since we expect our proposed antiviral strategy to be host factor independent, it will fill a specific need for immunocompromised people at risk for MV infection, who cannot be vaccinated or do not respond adequately to vaccine. We have previously shown that HPIV3 HRC-derived peptides are effective inhibitors of viral entry for other paramyxoviruses as well, including Hendra virus, Nipah virus, and simian virus 5 (SV5 or PIV5) (51, 58, 59) , raising the possibility of broad-spectrum antivirals. We therefore tested their efficacy against the MV fusion machinery in vitro and against MV infection in vivo. Here we report that the HPIV3 HRC-derived peptides inhibit wt MV entry but do not inhibit fusion mediated by the MV H and F glycoproteins. While MV HRC peptides prevent MV infection in vivo, HPIV3 HRC peptides-even the ones effective in vivo against Nipah virus (51, 58)-are not effective at blocking MV infection in vivo.
In our work on HPIV3, we showed that fusion requires engagement of the receptor binding protein beyond initial triggering of the F protein and that engagement of the receptor by the HPIV3 receptor binding protein (HN) is essential for F's function until membrane merger occurs (60) . Consistent with this information, for MV it has been shown that simple engagement of H with a soluble form of receptor was not sufficient to promote F-mediated fusion (89) . The current model for paramyxovirus fusion, which informs strategies to counteract viral resistance, suggests that fusion inhibition cannot be countered by mutations in the receptorbinding protein (or domain) but only by mutations in the fusion protein. We have shown, however, that HN variants that are more efficient at activating F may promote partial resistance to standard peptide inhibitors (60, 90) . We show here that an antibody that targets the measles virus H-receptor interaction enhances the efficacy of fusion-inhibitory peptides (Fig. 4) . The affinity of H for its receptor is thus another factor that influences the potency of antifusion antivirals (Fig. 6 ). These data are consistent with our model for paramyxovirus fusion, in which ongoing activation by receptor-engaged H is required in order for fusion to proceed. Another consequence of this model would be that ongoing activation of the fusion process by receptor-engaged H may eventually override inhibition by an F-targeted peptide. This mechanism could explain the differences observed between HPIV3 peptide efficacy against viral entry and efficacy against viral fusion ( Fig. 1  and 2) . Irrespective of the model for viral fusion, the results reported here have relevance for understanding the mechanism of resistance to entry/fusion inhibitors and for designing effective inhibitors, since it may be advantageous to target both the H and F proteins.
We previously showed that dimerization combined with cholesterol conjugation to an MV HRC F-derived peptide generated a peptide that efficiently protected SLAM transgenic mice from MV fatal CNS infection when administered both i.n. and s.q. (42) . The HPIV3-derived dimeric peptide [VG PEG4 ] 2 -chol, despite being the most potent of the HPIV3-derived peptides at inhibiting MV fusion, did not block infection in vivo. These results suggest that, unlike NiV and HPIV3 infections, which can both be inhibited by the same HPIV3 HRC peptides (51, 58) , inhibition of MV requires a sequence specifically derived from its own F protein. In the future, "cocktails" of antiviral peptides may be a useful approach to achieving a broad-spectrum coverage. In the present experiment (as in our previous study), we detected no anti-MV antibody in the serum of surviving SLAM TG mice (treated i.n. with MV HRC4 peptides [ Fig. 8E] ) and no virus in cotton rats treated with MV HRCs (Fig. 7) . These findings suggest that the prophylactic treatment led to complete inhibition of the virus at a very early stage of the infection, before induction of an antibody response.
An orally available nucleoside inhibitor of the morbillivirus polymerase has been assessed in work by others for a different morbillivirus, canine distemper virus (CDV), in ferrets. Prophylaxis with the nucleoside inhibitor reduced the viral titer in vivo and prolonged survival; however, all 9 animals-those treated before infection and those with continued treatment throughout infection-eventually died (91) . Surprisingly, efficacy was 100% in the 3 animals who were treated only 3 days postinfection (without prophylaxis) (91) . To explain these results, the authors posit that the postinfection treatment was effective because it allowed for a boost in immunity elicited by viral replication during the first 3 days but then prevented depletion of T and B lymphocytes (17, 21, 28, 65) . However, this explanation would imply that preexposure prophylactic treatment interferes with postinfection treatment and simply delays the fatal outcome.
In healthy individuals, MV infection elicits a very strong MVspecific immune response and also transient immune suppression (17, 21, 28, 65) . Viremia is brought under control by cellular immunity within 2 weeks of infection, but viral genomes persist for several months after infection, even in the face of humoral immunity (17, 92, 93) . If the explanation offered for the paradoxical effect of the polymerase inhibitor is accurate, then individuals with impaired innate immunity would not be candidates for therapy with the nucleoside inhibitor of morbillivirus polymerase. Our proposed antiviral strategy targets a different stage in the viral cycle and was highly effective prophylactically in two animal models of MV infection. If the CDV data were to be established for MV and explained, and/or if a polymerase inhibitor that is effective for MV is identified, then the two strategies could be complementary. Nectin 4 has been recently shown to serve as an entry receptor for MV (27, 28) . This receptor, expressed at the basolateral aspect of the epithelial cells in the lungs, is responsible for viral shedding in cynomolgus monkey tracheas, suggesting that it may play a major role in the human-to-human spread of MV (94) . In the present study, we show that MV HRC4 efficiently blocks fusion with nectin 4-bearing cells and can cross the pulmonary epithelium not only in HAE culture but also in vivo, suggesting that it can reach the basolateral side of the cells, where it may prevent spread. The hypothesis that this treat- ment may prevent host-to-host transmission will be tested in the future. In recent work by others, ferrets infected with CDV bearing an H that is unable to bind nectin 4 underwent transient immunosuppression but did not show clinical disease (95) . It is conceivable that blockage of nectin 4-mediated fusion by peptides may also reduce clinical symptoms. Simple i.n. peptide administration may protect vulnerable people during an MV outbreak. A similar strategy of i.n. peptide delivery has recently been proposed for preventing the spread of respiratory syncytial virus infection to the lung (96) , suggesting that this approach may be extended to other respiratory infections. The efficacy of i.n. peptides for MV prophylaxis opens a new avenue for rapid protection against highly contagious MV infection in a world experiencing a resurgence of this disease.
